In this work, a recently developed method based on the change of distance between collinear indents is used to evaluate different states of residual stress, which were generated in samples of AA 6082-T6 and AA 7075-T6 aluminium alloys milled at high speed. One of the advantages of this method, which needs a universal measuring machine, is not requiring neither the use of specific equipment nor highly skilled operators. Also, by integrating an indentation device to the mentioned machine, the absolute error of measurement can be reduced. In results obtained in samples subjected to different cutting conditions it is observed a correlation between the stress values and the depth of cut, showing the AA 6082-T6 alloy higher susceptibility to be stressed. Furthermore, the high sensitivity of the method allowed detecting very small differences in the values reached by different normal components in the zones corresponding to climb and conventional cutting. It is important to note that these differences were similar for both evaluated alloys. Finally, the directions associated with the principal components of residual stress, where maximum local plastic stretching occurs, were found to be strongly dependent on the rolling direction prior to machining.
Introduction
During machining of a mechanical component, the residual stresses are introduced by both local plastic deformation generated by the interaction with the cutting tool, and the heat conducted from the primary deformation zone toward the surface [1, 2] . In turn, both the local plastic deformation and the heat conducted are dependent on the properties of the machined material as well as the process parameters, the geometry of the tool and cooling conditions. It is important to mention that a small variation in any of the selected parameters can change substantially the level and/or the sign of the residual stress distribution. Therefore, it is important to determine these levels and signs in order to know if the machined component has been strengthened or weakened on the surface.
The purpose of this study is to evaluate, in samples of AA 6082-T6 and AA 7075-T6 aluminium alloys milled at high speed, both the levels and the signs reached by different normal components of residual stress as well as the directions corresponding to the maximum levels. It must be noted that in most papers evaluating residual stress states generated by high speed milling, stress component analysis was carried out in one or two directions. Instead, in this work the analysis is extended to six normal components including those associated with radial and tangential cutting directions. In this way, it was possible to assess the influences of cutting and rolling directions on the residual stress introduction. The aforesaid normal components were obtained by using an indentation method previously optimized [3] . This method, which needs a universal measuring machine (UMM), allows to measure residual displacements with an absolute error much smaller than those corresponding to the traditional techniques [4] . By performing face milling operations with central cutting, it was possible to subdivide the generated surface in two adjacent zones of equivalent areas called the climb and conventional cutting zones [5] . Such milling operations were carried out in a numerically controlled vertical milling machine. The depth of cut was varied to evaluate how this change affects the levels and signs of the normal components. Finally, the centroids of the zones corresponding to climb and conventional cutting were independently analyzed to assess the accuracy and sensitivity of the indentation method to detect the directions where the mentioned
Related Work
In recent decades, different experimental techniques have been developed, optimized, and adapted for the determination of residual stresses generated by different types of machining. Of these experimental techniques, two have been the most widely used and accepted for machined components: X-ray diffraction technique [6, 7] and the hole-drilling method [8, 9] . More recently, different indentation techniques have been used to determine residual stresses in machined parts. Regarding these techniques, Warren et al. [10] conducted a study of nanoindentation focused on understanding the basic relationships between mechanical behaviour, microstructure, and residual stresses introduced in machined components. Later on, Wyatt and Berry [11] developed a micro-indentation method that allows performing different studies of residual stresses in high-speed milled components.
Regarding studies about residual stresses generated by milling in aluminium alloys, Fuh and Wu [12] presented a mathematical model for predicting residual stresses caused by end milling in specimens of AA 2014-T6 alloy. The results obtained through this model were compared with experimental results derived using the hole-drilling technique. Then, Rao and Shin [13] carried out an analytical and experimental study in samples of AA 7075-T6 alloy milled with a single insert fly-cutter. In this work, high-speed cutting process mechanics is presented, and residual stresses were evaluated in function of different cutting parameters. It noteworthy that, in this case, the study of the residual stress left in the machined surface was limited to the tangential stress component in the cutting direction. Recently, Denkena and De Leon [14] studied the influence of cutting parameters and tool geometry on the level of residual stresses induced by milling in workpieces of forged aluminium alloys. More recently, Díaz et al. [15, 16] and Mammana et. al. [17] studied the influence of thermal and mechanical effects in the generation of residual stresses in samples of different aluminium alloys milled at high speed, using an optimized indentation method.
It is very important to note that, in these last three studies, the residual stress components were determined from data obtained using a UMM, avoiding the use of specific equipment and personnel. In addition, for residual displacement measurements, the use of a measuring machine allows to significantly reduce the absolute error of measurement in relation to those corresponding to X-ray diffraction technique and the hole-drilling method (from ±25 MPa to ±0.9 MPa). Moreover, before the three aforementioned studies, the measuring machines, which are considered as highly sophisticated equipments, had not been evaluated to carry out measurements of residual displacements.
Materials and Cutting Procedure
The materials evaluated in this study were two rolled products 4 mm thick, corresponding to 6082-T6 and 7075-T6 aluminium alloys. These materials can be considered to have middle and high mechanical resistance, respectively. It must be noted that 6082-T6 is a relatively new alloy, which is used in structural applications in the marine and transportation industries as well as for machined precision parts in the automotive industry. On the other hand, 7075-T6 is a structural alloy widely used for aircraft, aerospace and defense applications due to its high mechanical resistance/weight ratio. The chemical composition and mechanical properties of these alloys are reported in Tables 1 and 2, respectively.
The maquinability of 6082-T6 and 7075-T6 aluminium alloys is good because their ratings are B and C, respectively. It should be noted that A, B, C, D and E are Copyright © 2012 SciRes. MME
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relative ratings-for aluminium alloys-in increasing order of chip length and decreasing order of quality of finish [18] . The dimensions of the samples were 110 mm × 40 mm × 4 mm. In the case of material 6082-T6, the longitudinal axis of samples matches the original direction of rolling. In contrast, in the case of material 7075-T6, the transversal direction corresponds with the rolling direction. Figure 1 shows a schematic drawing of how the specimens were cut from the original plates. Prior to machining tests, the samples were thermally treated to remove the residual stresses generated during the rolling operation. The temperature and time for this treatment were 300˚C and 80 minutes respectively. For machining tests, a face mill of 63 mm in diameter was used. Five tungsten carbide inserts (Palbit SEHT 1204 AFFN-AL SM10) were incorporated to this face mill. Table 3 shows both the geometry of the mentioned inserts and the process parameters selected for this study. The tests were carried out in a numerically controlled vertical milling machine (Clever CMM-100). An upper view of the relative position of the sample in relation to the cutting tool is shown in Figure 2. 
Indentation Method
The present indentation method consists of introducing a series of spaced indents on the machined surface to be evaluated, for measuring, before and after a distension treatment, the indent coordinates using a UMM [11] . Then, different components of residual strain and stress can be obtained from these coordinates. In this work we used a special design indenter device that attaches to the main header of the measuring machine (GSIP MU-314), allowing greater accuracy in both the generation and the optical location of each indent. Figure 3(a) shows a front view of the device. The body of the device is made up of a system of thin elastic plates that enables to regulate the indentation load. This device is attached to an electronic sensor, which allows calibrating the depth of the indent ith high w possible to introduce elongated indents, which reduce the uncertainty associated with the repositioning of the samples after the distension treatment [15] . Although local residual stress fields are introduced by in By f indent coordinate measurement it d dentation, the errors generated by those fields can be minimized by a proper separation of the evaluated indents. In our case, the nominal distance between each indent pair was 28 mm, as shown in Figure 3(b) . The indent coordinates were optically measured using a precision microscope, which is a primary accessory of a UMM. Figure 4 shows this accessory, from which it is possible to carry out the basic functions of magnification and referencing. Each indent position is strictly defined with respect to the optical axis of the microscope. For establishing the exact position of coincidence for reading the coordinates in auxiliary microscopes [16] , the very high precision stage shown in Figure 4 -on which the milled sample is mounted-must be carefully moved in predetermined directions. The staging plane contains two mutually perpendicular displacement axes, which can be considered to represent a system of orthogonal Cartesian axes. It is worth noting that any selected point on the observed surface can be brought into the reference position of the optical system, provided it is contained within the displacement ranges of the precision stage. In our particular case (MMU GSIP MU-314), the displacement ranges are 400 mm (x-axis) and 100 mm (y-axis). These ranges exceed the maximum nominal distances measured in the milled surfaces, which were 56 mm (x-axis) and 28 mm (y-axis).
It is important to mention that the coordinates of the indents were measured, before and after the distension treatment, within a temperature range of 20˚C ± 0.2˚C, with a variation rate less than 0.01˚C/min. With regard to the distension treatment, this was carried out for a period of 80 minutes at a temperature of 300˚C.
Determination of Residual Stress
Components using the method o is possible to evaluate the stress state at any point of the milled surface. Taking into account a previous study [15] , two significant points were chosen for this work. Figure  5 shows these points (A and B), which are located in the centroids of the climb and conventional cutting zones.
For each of these centroids it is possible to determine normal components of the residual strain in three directions. Two of these (corresponding to ε x and ε y ) are perpendicular and in turn parallel to the sides of a square defined by indents, as shown in Figure 3(b) . The remaining direction (associated to ε ) corresponds to the bisector of the other directions. Such normal components of the residual strain can be expressed as
where l x and x l quare are the mean values of the horizon sides of the s defined by indents and, l y tal and y l are the mean valu f the vertical sides, in both cases b fore es o e and after the distension treatment, respectively. In turn, l d and d l correspond to the positive slope diagonal the aforesaid square, also before and after the distension, respectively. Then, from the normal components it is possi e to obtain the tangential component [19] 
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Assuming that the generated surface is under a plane stress state and the evaluated material is linearly elastic, homogeneous and isotropic, the re nents σ x , σ y and τ xy can be obtaine no sidual stress compod [19] . Finally, the rmal and tangential components associated with an arbitrary direction θ (see Figure 3(b) ) can be found through 
The errors associated with the deformation and stress components were obtained from the absolute err responding to the distances between indents. First, the latter was evaluated taking into account both nominal an entroid and the process parames components σ x and σ y This is because, in the he conventional cu the gener or cord statistical measurement errors. The obtained range was ±0.2 μm for a nominal distance of 28 mm [15] . Then, by using the probable absolute error equation [20] , the ranges obtained for the aforementioned components of the residual deformation and stress were ±0.001% and ±0.9 MPa, respectively.
Results and Discussion
In Figure 6 it can be seen that independently of the evaluated material, the c ter combination, the residual stres are predominantly compressive. case of face milling, an extensive tensile plastic deformation is produced behind the secondary cutting edge. Then the deformation zone is unloaded, which leads to a state of compressive stress. Although Rao and Shin [13] also reported compressive residual stresses in samples of 7075-T6 alloy milled at high speed, the evaluation was limited to only one stress component. Figure 6 (a) shows the normal component σ x . It is important to mention that x direction is normal to the feed direction. This figure shows that the more compressive values correspond to the centroid of t tting zone (point B). Also, it is possible to observe that in the material 6082-T6 the stress levels are more compressive, and that in both materials the stress levels decrease when depth of cut is increased. With regard to Figure 6(b) , the behaviour of the component σ y is similar to the component σ x . However, when both components are compared in detail it can be noted that for alloy 6082-T6, σ x > σ y and for alloy 7075-T6, σ y > σ x.
In each milled sample, the small level differences between stresses associated with the climb and conventional cutting may obey to the influence of the relative orientation between V y and f (see Figure 2) on ation of local plastic deformation [15] . Regarding the more compressive levels achieved in the alloy 6082-T6, these may respond to therm easons because the cutting al energy from the primary deformation zone to the ts maximum and minimum values [19] . Fu and in turn different for each centro al r forces are higher for the material 7075-T6. The differences could be a result of the different fractions of therm machined surface, which is always higher for the case of material 6082-T6, mainly due to its higher thermal conductivity [15] .
The normal components σ p and σ q , which correspond to the principal directions are shown in Figure 7 . It is noteworthy that on these directions the normal component σ x´ reaches i rthermore, these directions are orthogonal. Figure 7 (a) describes the behaviour of σ p , which is the more compressive principal component. This behaviour is similar to that of the component σ y , showing higher agreement in the case of material 7075-T6. Figure 7(b) describes the behaviour of σ q , which is the less compressive principal component. This behaviour is close to that of the normal component σ x , also showing higher agreement in the case of material 7075-T6. Figure 8 shows the levels that reach the normal components σ r and σ t , which are associated with the radial and tangential directions, respectively. These directions, which are orthogonal id, are shown in Figure 9 . Although Figure 8 shows similar behaviours for σ r and σ t , the levels of σ r are closer to those of σ y , σ p (7075-T6) and σ q (6082-T6). Additionally, the levels of σ t are very similar to those of σ x , σ p (6082-T6) and σ q (7075-T6).
The similarity between the components σ r and σ y was expected due to the angular difference between their directions is only 26.4˚ (see Figure 9) . The same occurs between σ t and σ x because the angular difference is also 26.4˚. Regarding the principal components σ p (7075-T6) and σ q (6082-T6), their similarity to σ r and σ y would indicate that the directions relating to these principal components would be close to the radial and feed direct ns. Furthermore, the similari of σ p (6082-T6) and σ q ve principal component p . Th io ty (7075-T6) with σ t and σ x would indicate that the directions of these principal components would be close to both the tangential direction and the normal to the feed direction (axis x). Figure 9 shows the directions associated with the more compressi σ ese directions were obtained by evaluating both materials and centroids for the process parameter combination with depth of cut d = 1 mm. In both centroids, the directions corresponding to the material 6082-T6 are situated between the tangential direction and the normal to feed direction. However, for material 7075-T6, such directions are among the tangential and feed directions. Because the latter matches the original rolling direction of material 7075-T6, and the normal to the feed direction equals the original rolling direction of material 6082-T6 (see Figure 1) , the obtained results may indicate that these rolling directions would be exerting the greatest influence in relation to the location of the principal directions. As expected, the results also show that the final location of these principal directions would also respond to the strong influence of cutting tangential direction. In consequence, the directions associated with the more compressive principal component σ p could be found rotating a certain angle from the rolling direction to the tangential direction, which is satisfied in both materials and centroids. Finally, because in material 7075-T6 the angle between the rolling and tangential directions is greater than in the case of material 6082-T6, it is possible to infer that the main influence would correspond to the rolling direction prior to machining because it is closer than the cutting tangential direction to the mentioned directions associated with the more compressive principal component.
Conclusion
The indentation method used in this work allowed us to conduct a comprehensive analysis of residual stress components as well as of principal directions in centroids of different cutting zones and materials. The depth of cut was varied to evaluate the changes of the aforesaid components. Although the values reached by these compo- nents are very small, the technique allows detecting the slight differences generated by changing the depth of cut, the cutting zone or the material. Those components are predominantly compressive due to the extensive tensile plastic deformation generated behind the cutting edge by the face milling. The different stress levels between the achined surface, ad Tecnológica Nacional.
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